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INTRODUCTION 

I n t e r e s t  i n  c e l l u l o s e  as a renewable source o f  a lcohol  f u e l s  and o t h e r  
chemicals has increased as the p r i c e  o f  petroleum products continues t o  r i s e .  
Extensive research has been conducted i n  the area o f  ce l lu lose  u t i l i z a t i o n  
for  a number o f  years (1, 2, 3, 4, 5). However, w i t h  the  exception o f  The 
U. S. Army Nat ick  Research Command which has operated a p r e p i l o t  program f o r  
the enzymatic conversion o f  ce l lu lose  t o  glucose since 1976 (6, 7 ) ,  these 
invest igat ions have been confined t o  the laboratory .  

ce l lu lose  t o  ethanol was recognized by t h i s  laboratory  i n  1974. 
of combining the mater ia l  handling o f  bu lky s l u r r i e s  such as a i r  c l a s s i f i e d  
municipal s o l i d  waste (MSW) and pulp m i l l  waste (PMW) w i t h  the asept ic  opera- 
t i o n  o f  an enzyme product ion f a c i l i t y  posed a unique s e t  o f  problems which 
could no t  adequately be addressed on a laboratory  scale. I n  order  t o  address 
these problems, i t  was bel ieved t h a t  t he  design o f  a p i l o t  p l a n t  should i n -  
clude the  f l e x i b i l i t y  o f  handling feedstocks o f  wide ly  vary ing composit ion 
and moisture content. 
and t e s t i n g  o f  equipment f o r  t he  preparat ion and t r a n s f e r  o f  s l u r r i e s ,  s t e r i l i -  
zat ion, and l i q u i d / s o l i d  separation. 

t o  ethanol process requi res t h a t  the use o f  h i g h l y  specia l ized exo t i c  equipment 
be kept t o  a minimum. As a r e s u l t  o f  t h i s ,  low cos t  chemical reactors  would 
be evaluated as fermentation vessels. The vessels f i r s t  tested as " o f f  the 
s h e l f  items" could then be modif ied as necessary t o  accommodate the i nd i v idua l  
requirements o f  each s e t  o f  fermentation condi t ions.  I n  t h i s  way parameters 
such as ag i ta t ion ,  aerat ion,  temperature and pH cont ro l ,  and s t e r i l i t y  could be 
evaluated and adjusted as needed. 
o f  ce l lu lose  t o  ethanol was scaled-up approximately 100 f o l d  from 1OL laboratory  
fermenters t o  lOOOL vessels i n  a p i l o t  f a c i l i t y  capable o f  processing 1 ton per  
day o f  c e l l u l o s i c  feedstock. 

The importance o f  p i l o t i n g  a complete process f o r  the conversion o f  
The complexity 

Operation o f  a p i l o t  p l a n t  would a l low the  i d e n t i f i c a t i o n  

The economic f e a s i b i l i t y  o f  a c a p i t a l  in tens ive  process such as the ce l lu lose  

Using these c r i t e r i a  the biochemical conversion 

METHODS AND MATERIALS 

Three s t r a i n s  o f  yeast  were used dur ing the p i l o t  inves t iga t ions  o f  simultaneous 
sacchar i f icat ion fermentation (SSF) .  (8, 9). These were Saccharomyces cereuisiae 
ATCC 4132, obtained from the American Type Cul ture Co l lec t ion ,  Rockv i l le ,  Maryland; 
candida brassicae IF0 1664, obtained from the I n s t i t u t e  f o r  Fermentation, Osaka, 
Japan (2) ;  and a s t r a i n  o f  Saccharomyces obtained from Budweiser, Jopl in ,  Missouri.  
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Stock c u l t u r e s  were s t o r e d  on O i f c o  YM agar  s l a n t s  a t  4OC. 
each yeast  were prepared b y  t h e  a d d i t i o n  o f  a p o r t i o n  o f  a s t o c k  c u l t u r e  i n t o  
a shake f l a s k  c o n t a i n i n g  a medium shown i n  Table 1.' Shake f l a s k s  were incu-  
l a t e d  a t  28oC f o r  18 hours.  The shake f l a s k  c u l t u r e  was used t o  i n o c u l a t e  a 
130L fermenter  made by Fermentat ion Design, I nc . ,  c o n t a i n i n  

a g i t a t i o n  speed o f  120 RPM. 
l i z e d  15 g a l l o n  aluminum b a r r e l s  p r i o r  t o  use i n  SSF. 
used immediately t h e  b a r r e l s  were s to red  i n  a c o l d  room a t  4OC f o r  no l onger  
than  48 hours. 

This  organism 
was grown on p o t a t o  dex t rose  agar a t  29OC u n t i l  s p o r u l a t i o n  occurred.  
p l a t e s  were s t o r e d  a t  4oC u n t i l  use. 2'. reese i  seed c u l t u r e s  were prepared b y  
i n o c u l a t i n g  shake f l a s k s  w i t h  a p o r t i o n  o f  a spore p l a t e .  
used i n  the shake f l a s k s  i s  shown i n  Table 111. The 1 l i t e r  shake f l a s k s  were 
scaled-up t o  100 l i t e r  f e rmen te rs .  Phys ica l  parameters c o n t r o l l e d  i n  t h e  f e r -  
menters were a e r a t i o n  a t  0.5 v/v/m and a g i t a t i o n  speed a t  300 RPM (1OOL fermenter). 
The seed c u l t u r e s  were incubated f o r  24 hours and then harvested a s e p t i c a l l y  
i n t o  15 g a l l o n  aluminum b a r r e l s  t o  be t ranspor ted  t o  t h e  p i l o t  f a c i l i t y  where 
i t  was used as inoculum f o r  enzyme p roduc t i on .  

Seed c u l t u r e s  o f  

lOOL of t h e  medium 
i n  Table 11. Th is  c u l t u r e  was incubated f o r  18 hours a t  30 ? C, pH 5.0, w i t h  an  

The yeas t  seed c u l t u r e  was harvested i n t o  s t e r i -  
I f  the  y e a s t  was no t  

The mold Trichoderma reese i  QM 9414 was ob ta ined  f rom ATCC. 
The spore 

The c u l t u r e  medium 

A 10% v/v  inoculum was used f o r  i n i t i a t i o n  o f  c e l l u l a s e  i n d u c t i o n  stage i n  
b o t h  batch and cont inuous phases o f  enzyme p roduc t i on .  The medium used i n  
enzyme product ion i s  desc r ibed  i n  Table I V .  Av i ce l  PH 105, comparable t o  MSW 
i n  inducing c e l l u l a s e  enzymes, was chosen as a model s u b s t r a t e  because o f  i t s  
ease o f  handl ing and u n i f o r m i t y .  
Viscose Co., D i v i s i o n  o f  FMC, Marcus Hook, Pennsylvania. 
o f  t h e  c u l t u r e  depended on the  mode o f  enzyme p roduc t i on  being used. 
p roduc t i on  l a s t e d  96 t o  120 hours whereas cont inuous enzyme p r o d u c t i o n  had a 
res idence  t ime  o f  50 hours (D=.02). Batch SSFs were r u n  f o r  24 hours un less 
experimental des ign d i c t a t e d  otherwise.  Semi-continuous SSFs were r u n  f o r  96 t o  
120 hours w i t h  t h e  res idence  t ime va ry ing  from 24 hours t o  48 hours. 
major  types o f  feedstocks were used, 1 )  p u r i f i e d  c e l l u l o s e  (Solka f l o c . ) ,  2 )  PMW 
( d i g e s t e r  r e j e c t s ,  p r imary  sludges, and d i g e s t e r  f i n e s ) ,  3) MSW. 
feedstocks rece ived  any t y p e  o f  pret reatment  be fo re  use i n  t h e  SSFs. However, 
MSW was a t  t imes p a s t e u r i z e d  depending on exper imenta l  c o n d i t i o n s .  The MSW used 
i n  t h e  SSFs had been shredded so t h a t  i t  would pass a 4" screen and then a i r  
c l a s s i f i e d  p r i o r  t o  a r r i v a l  a t  t h e  p i l o t  p l a n t .  

conducted as desc r ibed  by Blotkamp, e t  a1 ( 9 ) .  Glucose measurements were made 
w i t h  t h e  use o f  a Yellow Spr ings Inst rument  Company Model 23A glucose analyzer .  
T o t a l  reducing sugars were measured by t h e  d i n i t r o s a l i c y l i c  a c i d  method (10) .  
Ethanol was analyzed u s i n g  a Perkin-Elmer Model 3920 B gas chromatograph o r  
a Hewlett-Packard Model 5730 A gas chromatograph equipped w i t h  f lame i o n i z a t i o n  

Av ice l  PH 105 was obta ined f rom American 
The l e n g t h  o f  i ncuba t ion  

Batch enzyme 

Three 

None of t he  

Assays f o r  measurement o f  enzyme a c t i v i t y  and p r o t e i n  concen t ra t i on  were 

Chemicals used i n  media formulat ions were mos t l y  t e c h n i c a l  o r  reagent  grade, 
however i n  t h e  past  y e a r  many o f  t h e  compounds used were e i t h e r  f e r t i l i z e r  o r  
food grade. 
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de tec to rs ,  an e l e c t r o n i c  i n t e  r a t o r ,  and a 6 ft. column o f  Porapak Q. Isothermal  
a n a l y s i s  was performed a t  150 % C. 

Yeast populat ions were moni tored by us ing  d i l u t i o n  p l a t i n g .  C e l l u l o s e  
concen t ra t i on  o f  samples used i n  SSF was determined by us ing  a m o d i f i e d  
ve rs ion  o f  t he  Van Soest procedures (11, 12 ) .  
performed on an Ohaus mo is tu re  balance. 

Mo is tu re  de te rm ina t ions  were 

EQUIPMENT 

The vessels  used f o r  enzyme p roduc t i on  and SSF were 330 ga l  (1250 l i t e r )  
capac i t y  manufactured by P faud le r  (L/D=.78). 
capable o f  a s e p t i c  ope ra t i on .  
w i t h  carbon s t e e l  j a c k e t s .  
temperature c o n t r o l  and s t e r i l i z a t i o n .  

where p i p i n g  entered t h e  vessel .  Flanged f i t t i n g s  w i t h  t e f l o n  gaskets were 
used a t  these p o i n t s .  
t h e  l i q u i d s  and s l u r r i e s  were moved w i t h  pressure ( s t e r i l e  a i r  o r  steam) o r  
g r a v i t y .  The a g i t a t o r  s h a f t s  were equipped w i t h  double mechanical sea ls  f i l l e d  
w i t h  o i l .  Enzyme p roduc t i on  vessels  used two f l a t  b lade i m p e l l e r s ,  each hav ing 
four  blades (Di /Dt=.456) .  A g i t a t i o n  speed was 120 RPM, a e r a t i o n  was 0.5 V / V / m  
a t  which t h e  kLa was 84 h r - ' ' v s  330 h r - I  on a l a b  s c a l e  ( w i t h  w a t e r ) .  

The ba f f l e  t r a y  s t r i p p i n g  column was cons t ruc ted  f rom 9 "  ( I . D . )  g lass p i p e  
w i t h  t r a y s  made o f  monel t o  r e s i s t  c o r r o s i o n .  Associated process l i n e s  on t h e  
s t r i p p e r  were s t a i n l e s s  s t e e l .  Pumps were used on t h e  beer feed l i n e s  on t h e  
s t r i p p i n g  column and r e c i r c u l a t i o n  loops t o  m a i n t a i n  s o l i d s  i n  suspension. 

A b r i e f  process f l o w  diagram i s  presented i n  F i g .  1. A f t e r  t h e  enzyme 
p roduc t i on  vessels were f i l l e d  w i t h  n u t r i e n t s  and s t e r i l i z e d ,  t he  seed inoculum 
was t r a n s f e r r e d  a s e p t i c a l l y  f rom the  aluminum b a r r e l s  t o  t h e  vessels  us ing  
n i t r o g e n  t o  p r e s s u r i z e  t h e  b a r r e l s .  From t h i s  p o i n t  t h e  enzyme p r o d u c t i o n  could 
be r u n  i n  e i t h e r  a ba tch  o r  cont inuous mode. 
vested a p o r t i o n  o f  t h e  whole c u l t u r e  enzyme b r o t h  was t r a n s f e r r e d  t o  t h e  SSF 
vessel i n t o  which the c e l l u l o s i c  feedstock (PMW o r  MSW) would be added, a long 
w i t h  the  yeas t .  
i n  which one h a l f  o f  m a t e r i a l  was t r a n s f e r r e d  o u t  eve ry  one h a l f  res idence  t ime. 
As t h e  SSF was harvested t h e  r e s u l t i n g  beer s l u r r y  was moved t o  t h e  beer s torage 
tank  where i t  cou ld  be pumped i n t o  t h e  s t r i p p e r  column f o r  e thanol  recovery.  

Four o f  t he  f i v e  vessels  were 
The vessels  were cons t ruc ted  o f  s t a i n l e s s  s t e e l  

The vessels were f u l l y  j acke ted  f o r  adequate 

A l l  process p i p i n g  was s t a i n l e s s  s t e e l  w i t h  welded connect ions except 

No pumps were used as a p recau t ion  a g a i n s t  contaminat ion,  

When enzyme was ready t o  be ha r -  

The SSF cou ld  be r u n  i n  e i t h e r  batch o r  semi-continuous modes 

RESULTS 

Enzyme Product ion 

Performance of batch enzyme product ions can be t y p i f i e d  b y  t h e  da ta  p re -  
sented i n  F igures 2 and 3. 
a r e  present  i n  t h e  c u l t u r e  b r o t h .  
ob ta ined  i n  l a b o r a t o r y  s t u d i e s .  

demonstrate f e a s i b i l i t y  on a l a r g e  sca le .  

R e l a t i v e l y  h i g h  l e v e l s  o f  p r o t e i n  and ~-gZucosidase 
These r e s u l t s  compare f a v o r a b l y  w i t h  those 

The p i l o t  p l a n t  was m o d i f i e d  t o  produce enzyme con t inuous ly  i n  o r d e r  t o  
The economical advantages o f  a 
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cont inuous process l i e  i n  reduced c a p i t a l  investment  due t o  increased e f f i c i e n c y  
o f  vessel  use. Resu l t s  f rom cont inuous enzyme p roduc t i ons  a r e  shown i n  F igs .  4 
and 5. From these graphs can  be seen t h a t  t he  B-gZucosidase i s  somewhat lower  
b u t  t h e  p r o t e i n  and FPRS remain a lmost  as h i g h  as i n  ba tch  c u l t u r e .  Use o f  t h e  
enzyme from batch as w e l l  as cont inuous enzyme p roduc t i on  i n  smal l  s c a l e  f l a s k  
s a c c h a r i f i c a t i o n  and SSFs i n d i c a t e  o n l y  small  d i f f e r e n c e s  between t h e  two 
enzyme p repara t i ons  under t h e  same c o n d i t i o n s .  

SIMULTANEOUS SACCHARIFICATION FERMENTATION 

Batch SSFs were per formed us ing  a v a r i e t y  o f  subs t ra tes .  
f o r  Solka f l o c .  and p u l p  m i l l  wastes a r e  i l l u s t r a t e d  i n  F i g .  6 and F ig .  7 
r e s p e c t i v e l y .  
t o  e thanol  was achieved. Batch SSFs were r u n  w i t h  c e l l u l o s e  concen t ra t i ons  
rang ing  from 5 t o  15%. 

Semi-continuous SSFs u t i l i z e d  p u l p  m i l l  wastes and mun ic ipa l  s o l i d  waste 
as p r i m a r y  feedstocks. 
and PMW showed the  same t r e n d  (F ig .  9 )  concern ing ethanol  y i e l d ,  base u t i l i -  
z a t i o n  f o r  pH c o n t r o l ,  and b a c t e r i a l  contaminant p o p u l a t i o n .  The presence of  
contaminants and increased base usage i n d i c a t e s  t h e  p r o d u c t i o n  o f  o t h e r  a c i d i c  
products .  Lab sca le  cont inuous SSF o p e r a t i o n  has proved t o  be s i g n i f i c a n t l y  
b e t t e r  than batch SSF per  u n i t  t ime.  

Typ ica l  r e s u l t s  

I n  b o t h  cases over  50% o f  t h e  t h e o r e t i c a l  y i e l d  from c e l l u l o s e  

Ethanol  p r o d u c t i o n  can be seen i n  F i g .  8.  Both MSW 

STRIPPING OPERATIONS 

A f t e r  t he  SSFs were completed t h e  r e s u l t a n t  beer s l u r r y  was pressured 
t o  t h e  beer  s torage tank ( F i g .  1 ) .  
pumped t o  the  top  o f  t h e  b a f f l e  t r a y  column ( 1 3 )  w h i l e  steam was i n j e c t e d  
i n t o  t h e  bottom o f  t h e  column. 
t h e  h o t  vapor from below con tac ted  t h e  descending l i q u i d  and effected t h e  
s t r i p p i n g  o f  t h e  ethanol  f r o m  the  beer  feed .  
handle beer  s l u r r i e s  w i t h  s o l i d s  con ten t  as h i g h  as 10% and d e l i v e r  a p roduc t  
s t ream o f  approx imate ly  25% w/v e thano l  from a feed c o n t a i n i n g  2.0 t o  3.5% 
e thano l .  The s t i l l  bottoms ethanol  c o n c e n t r a t i o n  remained as low as 0.04%. 
I n  a l a rge -sca le  p l a n t  t h e  p roduc t  from t h e  s l u r r y  s t r i p p e r  w i l l  be r e c t i f i e d  
f u r t h e r  t o  y i e l d  95-100% i n d u s t r i a l  o r  motor  grade ethanol  as necessary. 

From t h e  beer  s to rage  tank  t h e  s l u r r y  was 

As t h e  beer  s l u r r y  cascaded down t h e  column 

The column was designed t o  

D I S C U S S I O N  AND CONCLUSION 

Many p ieces o f  equipment used f o r  m a t e r i a l s  hand l i ng  were tes ted  i n  t h e  
An example i s  a 750 g a l l o n  p u l p e r  which worked w i t h  some wood 

A r o t a r y  vacuum f i l t e r  was used f o r  dewater ing some s l u r r i e s  

p i l o t  p l a n t .  
p roduc ts  b u t  n o t  ve ry  w e l l  w i t h  MSW because o f  t h e  p l a s t i c s  and metal cans i n  
t h e  m a t e r i a l .  
b u t  f o r  t h e  m a j o r i t y  o f  f eeds tocks  i t  was n o t  acceptable.  
t he  feedstocks used a t  t h e  p i l o t  p l a n t ,  as o u t l i n e d  i n  t h i s  paper, rece ived  no 
p re t rea tmen t  and were used i n  the  process j u s t  as they  were rece ived .  

The opera t i on  o f  t h e  p i l o t  p l a n t  i n  b o t h  a ba tch  and cont inuous mode us ing  
p o t e n t i a l  i n d u s t r i a l  feedstocks demonstrated t h e  enzymatic c e l l u l o s e  t o  ethanol  
technology on a s u b s t a n t i a l l y  l a r g e r  sca le  than had p r e v i o u s l y  been repo r ted .  
The s i z e  of t h e  p l a n t  enabled the  use o f  b u l k y  m a t e r i a l s ,  such as MSW, which 
was d i f f i c u l t  on a l a b o r a t o r y  sca le .  The r e s u l t s  f rom t h e  p i l o t  p l a n t  enzyme 

For these reasons 
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p roduc t i on  compared very favo rab ly  w i t h  t h e  l a b o r a t o r y  r e s u l t s ,  however i n  t h e  
case of t h e  SSFs t h e  da ta  from t h e  p i l o t  p l a n t  and t h e  l a b o r a t o r y  a r e  only com- 
pa rab le  f o r  approx imate ly  t h e  f i r s t  24 hours a f t e r  which t h e  p i l o t  p l a n t  r e s u l t s  
lagged behind. For  example, on batch SSFs t h a t  r a n  l o n g e r  than 24 hours a t  the 
p i l o t  p l a n t  t h e  pe rcen t  convers ion t o  ethanol  d i d  n o t  con t inue  t o  r i s e  as i n  
t h e  l a b o r a t o r y .  
90% O f  t h e o r e t i c a l  convers ion t o  ethanol  was achieved i n  48 hours compared t o  
55 t o  60% convers ion a t  t h e  p i l o t  p l a n t .  
r e s u l t s  can be expla ined i n  p a r t  by t h e  l a c k  o f  adequate environmental c o n t r o l s  
such as temperature and pH due t o  poor hea t  and mass t r a n s f e r  i n  the  h i g h  s o l i d s  
s l u r r y  o f  t h e  SSFs. Contamination was a l s o  a problem i n  SSFs t h a t  r a n  f o r  
extended pe r iods  as evidenced by t h e  i nc rease  i n  base u t i l i z a t i o n  f o r  pH c o n t r o l  
and the  concomitant decrease i n  ethanol  y i e l d s  (F igs .  8, 9 ) .  

The data gathered from the  o p e r a t i o n  o f  t h e  p i l o t  p l a n t  was used f o r  exten-  
s i v e  economic a n a l y s i s  o f  t h e  c e l l u l o s e  t o  ethanol  technology (14) .  
o f  t h i s  a n a l y s i s  a long w i t h  t h e  problem areas mentioned above i n d i c a t e  f u r t h e r  
sca le-up o f  t h e  process f rom the 1 ton/day t o  a 50 t o n l d a y  f a c i l i t y  should be 
c a r r i e d  o u t  i n  o r d e r  t o  i d e n t i f y  s p e c i f i c  equipment t o  be used on a commercial 
s c a l e  and execute process m o d i f i c a t i o n s  toward enhancing t h e  economic v i a b i l i t y  
o f  t h e  technology.  

Wi th  p u l p  m i l l  wastes i n  l a b o r a t o r y  s t u d i e s ,  SSFs o f  85 t o  

The reasons f o r  t h e  d i f f e r e n c e  i n  

The r e s u l t s  

NOMENCLATURE 

a 

D 

D i  

Dv 

I . D .  

kL 

L 

m 

V 

area 

d i l u t i o n  r a t e  

i m p e l l e r  d iameter  
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Table I 

Yeast growth medium ( f l a s k )  

0 -glucose 
yeast ex t rac t  
mal t  ex t rac t  
bacto-peptone 

g / l  
20.0 
5.0 
5.0 
5.0 

Table I1  

Yeast growth medium (fermenter)  

0 -glucose 

CaCl 
Cornsteep L iquor  

(NH4)2 so4 
MgSOb.7HpO 

Table 111 

2'. reesei growth medium 

g / l  
20.5 
1.5 
0.11 
0.06 
7.5 

g / l  
20.0 
2.0 
1.23 
1 .o 
3.0 
0.05 
0.014 
0.016 
0.04 
2.62 
1.7 
7.5 

Table I V  

2'. reesei enzyme product ion medium 

g / l  
Cel lu lose (Avicel  105) 20.0 
KH2P04 2.0 
(NH4)2HP04 1.23 
MgSO, *7H,O 1 .o 
CaC1, 3.0 
FeSO, 0.05 
ZnSO, 0.014 
MnSO, 0.016 
C O C l  0.04 

2.62 
1.72 

( N H 4 L  SO, 
(NH2 ),CO 
Cornsteep L iquor  7.5 
Tween 80 0.2% 
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Figure 2. Batch Enzyme Production FPRS A c t i v i t y  

and Prote in  Concentration 
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